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Introduction
Type II NADH:quinone oxidoreductases (NDH-2s) are respiratory enzymes that catalyze the transfer of two electrons from NADH to quinone, supporting indirectly the difference of the transmembrane electrochemical potential. These enzymes also contribute to the regeneration of NAD + , allowing several metabolic pathways to proceed. NDH-2s are membrane associated homodimeric enzymes attached to the surface of the lipid bilayer through amphipathic -helices. Generally, each monomer has approximately 45 kDa and a non covalently bound flavin adenine dinucleotide (FAD) as the only prosthetic group [1, 2] , but examples of NDH-2 up to 60 kDa have been studied.
NDH-2s are widely spread through the three domains of life [3] and belong to the "two Dinucleotide Binding Domains Flavoprotein" (tDBDF) superfamily, which, as the name indicates, are characterized by their two domains for the binding of dinucleotides (FAD and NAD(P)H/NAD(P) + ) [4] . The tDBDF superfamily includes other protein families such as Glutathione reductases (GTTr), Apoptosis Inducing Factors (AIF), Dihydrolipoamide dehydrogenases (DHLdh), Ferredoxin reductases (FNR), 2,4-dienoyl-CoA reductases (CoAr) and sulphide:quinone oxidoreductases (SQR). The oxidation/reduction of NAD(P)H/NAD(P) + is a shared feature among all members of this protein superfamily, with the only exception being sulphide dehydrogenases which have the NADH binding site capped by flexible loops [5] . The variability of the second substrates used by these proteins makes this an exceptionally diverse group in terms of cellular roles.
Crystallographic structures of NDH-2s, already determined for proteins from four different organisms [6] [7] [8] [9] , include three domains: first dinucleotide binding domain, which harbours FAD; second dinucleotide binding domain, which interacts with NAD(P)H and C-terminal domain that provides anchoring to the membrane. The quinone substrate binds at the interface of the first dinucleotide binding domain and the C-terminal domain [10] . Despite the structural and biochemical information made available in the recent years, the enzymatic mechanism of this protein family is still unclear.
We suggested this mechanism to involve a ternary complex, as the observed establishment of a charge transfer complex (CTC), between FADH2 and NAD + was only dissociated upon oxidation of the flavin by the quinone [7] . The contemporaneous binding of both substrates was also detected in the NDH-2 from
Escherichia coli [11] and the establishment of the CTC was also noticed for other NDH-2s such as those from Caldalkalibacillus thermarum [12] and Saccharomyces cerevisiae [13] .
We have recently proposed a catalytic mechanism for NDH-2 [14] . In that work, glutamate 172 (Staphylococcus aureus' NDH-2 sequence numbering) was observed to be a highly conserved amino acid residue throughout the NDH-2 family, present in 97 % of the retrieved sequences, and was proposed to function as part of a conserved proton pathway used for protonation of the quinone upon reduction [14] .
In this study, we tested our hypothesis for the role of E172 in the catalytic mechanism of NDH-2. For that, we characterized both structurally and functionally four variants of the NDH-2 from S. aureus in which E172 was replaced either by alanine (E172A), serine (E172S), glutamine (E172Q) or aspartate (E172D).
Materials and Methods

Protein Biochemistry
The variants E172A, E172S, E172Q and E172D of NDH-2 from Staphylococcus aureus NCTC8325 (KEGG ID: SAOUHSC_00878) were cloned into pET28(a)+ vectors (GenScript) and stored at -80 °C in Escherichia coli DH5α cells. The four variants were expressed in E. coli Rosetta 2 (DE3) pLysS cells and purified as described previously [15] . Protein concentration was determined by the BCA method [16] or using the FAD extinction coefficient of 11.3 M -1 cm -1 [17] .
The oligomerization state of the NDH-2 variants was studied by performing three independent injections in a Superdex 200 [19] .
Circular Dichroism experiments were performed at 25 o C in a Jasco Spectropolarimeter J-815 with 50 sequential acquisitions using a 100 nm/sec scan rate. Spectra ranged from 260 to 200 nm. 5 µM of each protein in 1 mM KH2PO4/K2HPO4 buffer pH 7.0, was used for spectra acquisition.
All presented errors are given as standard deviations.
Crystallization, data processing and refinement
Crystallization conditions were screened at 20 °C using a Cartesian robot dispensing system (Mini-Bee, within the autoPROC data-processing pipeline [25] . At this stage an Rfree-flag set was created for each data set corresponding to 5 % of the measured reflections. Data reduction and refinement statistics are depicted in (Table S1 ). Crystals belong to the tetragonal space group P4332 with unit cell parameters a = b = c = 150.4 Ǻ for the WT protein, and a = b = c = 151.3 Å for the E172S variant. Data were truncated at 7 2.32 Ǻ and at 2.55 Ǻ resolution for the WT and the E172S variant, respectively. Both structures were solved by molecular replacement using S. aureus NDH-2, PDB ID: 4XDB [7] , devoid of any solvent and cofactors as search model using phaser [26] within the PHENIX software suite of programs [27] . Based on the Matthews coefficient [28] , the search was performed for one molecule in the asymmetric unit.
Initial refinement rounds were carried out with BUSTER-TNT [29] using the macro that accounts for missing parts of the model ("-L"). At this point, electron density features attributed to the FAD moieties were easily identified. Iterative cycles of manual model building and refinement were done with COOT [30] and BUSTER-TNT until convergence was achieved. Validation was performed with RAMPAGE [31] and MolProbity [32] as implemented in BUSTER-TNT and displayed in buster-report output. Coordinates were deposited in the Protein Data Bank under accession numbers 5NA1 (WT) and 5NA4 (E172S). 8
Enzyme kinetics
The first half-reaction (electron transfer from NADH to the flavin) was investigated by mixing 5 µM of oxidised NDH-2 with 5 µM of NADH (1:1 ratio, concentrations after mixing). 100 spectra were acquired in a 150 ms timescale.
For the study of the second half-reaction (electron transfer from the flavin to quinone) 5 µM NDH-2 with 10 µM NADH were mixed with 15 µM DMN (concentrations after mixing). 100 spectra were acquired in a 7.5 ms timescale. Reduction and oxidative half-reaction assays were performed for E172A, E172S, E172Q and E172D variants.
Calculation of equilibrium protonation states
In order to identify the groups likely to be involved in proton transfer, calculations of equilibrium protonation states were performed for all residues of the WT and E172A, E1172S and E172Q variants of the NDH-2 from S. aureus (PDB ID: 5NA1). The applied methodologies for studying the thermodynamics of proton binding are described in detail elsewhere [33, 34] as well as the combined Poisson-Boltzmann (PB) calculations, performed with the program MEAD (version 2.2.9) [35] [36] [37] , and Metropolis Monte Carlo (MC) simulations using the program PETIT (version 1.5) [34] .
For the above mentioned calculations, only the crystallographic water molecules with a relative accessibility to the solvent lower than 50 % were retained (the relative accessibility of water molecules was computed using the program ASC [38, 39] ). The atomic partial charges and radii used in the PB calculations, for the protein and all cofactors, were derived from the GROMOS 54A7 force field [40] as described before [41] . 
Results and discussion
E172 influences the orientation of NADH and the establishment of the charge transfer complex
The four NDH-2 variants (E172A, E172S, E172Q and E172D) from S. aureus were successfully expressed and purified, having a flavin content higher than 80 %. Three of the variants (E172A, E172S and E172Q), 9
presented Far-UV Circular Dichroism spectra similar to that of the wild type protein, indicating the secondary structure content was maintained. However, the E172D variant presented a significantly different spectrum (~88 % R 208nm /222nm from WT) ( Fig. S1 ; Table S2 ). Temperature stability studies showed WT, E172A, E172S and E172Q variants presented similar denaturation profiles, maintaining FAD stably up to ~45 °C. Again, the E172D variant showed a strikingly different denaturation profile, suggesting that this mutation also had some effect on the tertiary organization of the protein. Furthermore, size exclusion chromatography indicated that the E172A, E172S and E172Q variants, were dimers (~90 kDa) in solution, as previously reported for the WT protein [7] , while E172D seemed to have a different oligomerization state since the calculated molecular mass was approximately 150 kDa (Table S2 ).
UV-Visible absorbance spectra of the four variants were similar to that of the WT, presenting the typical flavin maxima at 375 and 450 nm ( Fig. 1 ). Full reduction of E172A, E172Q and E172S proteins was only achieved with a 1:2 protein:NADH stoichiometry. In these three cases the broad band centred around 670 nm due to the establishment of the CTC between the reduced flavin and NAD + was also observed, although with less intensity (Fig. 1 , panels A, C, E and G). We observed increased absorbance intensities at 670 nm of ~ 0.008 for E172A E172Q and E172S (after NADH addition), which corresponds to half of that of the WT (~ 0.016; Table S2 ). Addition of DMN led to flavin reoxidation and consequent return to the initial state showing complete redox reversibility of the system. Reduction of the same variants with sodium dithionite, in the presence and absence of NAD + (dashed and filled lines respectively, Fig. 1, panels B, D, F and H) showed a similar behaviour to the WT protein, at the mentioned 450 and 670 nm regions [7] . The E172D variant showed different characteristics, as no CTC band was observed upon addition of NADH, and near complete reduction and reoxidation was only achieved with a 1:5 protein:substrate stoichiometry.
Knowing that the absorbance of the CTC is dependent on both of the orientation and distance between isoalloxazine and nicotinamide rings [45, 46] , the data suggest that the variants provide a less favourable environment for the interaction between NAD + and FADH2 than the WT, which indicates the presence of the E172 influences the orientation and stabilization of NADH and, as a consequence, the establishment of the CTC. This is reinforced by the observation that the reduction potential of the protein-bound FAD for the four variants, as determined by cyclic voltammetry, presented values between -205 and -220 mV, similar to that calculated for the WT protein [7] . We have determined the X-ray crystallographic structure of the E172S variant to 2.55 Å resolution.
Moreover, we have also re-determined the crystal structure of the WT form of the protein to 2.32 Ǻ resolution (1 Å resolution better than previously reported [7] ) ( Fig. 2 variant and the previously reported S. aureus WT structure (PDB ID: 4XDB [5] ) shows a RMSD of 0.2 Å ( Fig. S2 ) and 0.65 Å for 398 aligned Cα atoms, respectively. E172 lies in the middle of an α-helix with its side-chain pointing towards the NADH binding pocket (Fig. 2 panel B) . The E172 Oε lies within ~ 3.9 Å of the N5 of the isoalloxazine ring of FAD, which together with F168 and T169 side chains, defines the cleft where the nicotinamide ring of NADH should bind. Superimposing the WT structure with that of the S.
cerevisiae NDH-2:NADH:UQ complex (PDB ID: 4G73), the NADH N7 lies just 3.4 Å away from the E172 Oε which seems to help stabilizing the nucleotide parallel to the isoalloxazine ring. This geometry is not observed in the E172S mutant structure where a water molecule takes the position of the E172 Oε due to the shortening of the side-chain arm reaching for the middle of the cleft, having as a consequence the enlargement of the NADH binding pocket. It is thus plausible to assume that the loss of a stabilizing hydrogen bond (E172S mutation) might be responsible for the establishment of a less favourable CTC, which is reflected by a lower absorbance at 670 nm. shown in sticks with carbon atoms colored in yellow, oxygen in red and nitrogen in blue. B) Zoomed view of the proton pathway from the structurally superimposed WT and E172S mutant structures (for sake of clarity, only the WT structure is depicted), highlighting the differences caused by the mutation on residue E172; color code as in panel A except for the carbon atoms from the E172S structure which are depicted in lighter blue.
E172 affects both half reactions in different extents, with higher impact in the oxidative half reaction
The NADH:quinone oxidoreductase activity was measured for all the purified NDH-2 variants. The E172D variant showed no detectable NADH:quinone oxidoreductase activity, during the acquisition time (under 1 minute). The kcat of the variants for DMN, monitoring the NADH consumption, were 20.6 ± 2.7 (E172A), 5.7 ± 1.1 (E172Q) and 11.3 ± 1.2 (E172S) s -1 (Fig. S3 ); and were significantly lower compared to that for the WT (67.9 ± 2.4 s -1 ) [7] (Table S2 ). Activity inhibition by HQNO was similar between the active variants and the WT as the Ki values determined, between 3.1 and 11.8 µM (Fig. S4) , are in the range of the Ki previously reported for the WT (6.8 µM) [7] .
The variants were also analyzed by fast kinetics. Based on the UV-Visible absorption spectroscopy studies, 450 and 670 nm were the wavelengths chosen to monitor the flavin's reduction/oxidation and CTC formation, respectively ( Fig. 3) . Flavin reduction, the first half reaction (Fig. 3 , panels A, C and E) was monitored upon mixing NADH with oxidised protein in a 1 to 1 ratio, leading to a decrease in the 450 nm absorbance (red dots), during the first ~0.025 s. Concomitantly, an increase in the absorbance at 670 nm (blue dots), which corresponds to the CTC formation between NAD + and the reduced isoalloxazine ring of FAD; was observed. Flavin oxidation, the second half reaction (Fig. 3, panels B , D and F) was followed by mixing the NADH reduced protein with quinone in a ratio that guaranteed at least one turnover For the WT protein, the reduction half reaction is approximately 30 times faster than the oxidation half reaction [7] . E172A, E172Q and E172S variants also presented the reduction half reaction faster than the oxidation half reaction, but in these cases the ratio between the rates of the two half reaction were much higher. The reduction half reaction is approximately 100, 400 and 300 times faster than the oxidation step for E172A, E172Q and E172S variants, respectively.
The fitted rates for the first and second half reactions were, respectively, 115 ± 16 and 0.98 ± 0.21 s -1 (E172A); 108 ± 12 and 0.27 ± 0.03 s -1 (E172Q); 104 ± 3 and 0.32 ± 0.01 s -1 (E172S). These values correspond to approximately 64, 60 and 57 % of the FAD reduction reaction rate of the WT (E172A, E172Q and E172S respectively), while the FAD oxidation rates decreased to approximately 20, 5 and 6 % (E172A, E172Q and E172S, respectively) [7] (Table S2 ). Mutation of E172 affected, to different extents, both the reductive and oxidative half reactions, having a higher impact on the latter.
Fluorescence quenching studies allowed us to address protein-ligand interactions. Independent NAD + titrations were performed for E172A, E172Q and E172S ( Fig. 4 panels A, C and E). The dissociation constants (KD) obtained were ~ 35, 37 and 30 µM for E172A, E172Q and E172S, respectively (20.3 µM in WT [7] ). Comparison of the results suggests that the overall affinity for NAD + is lower in the variant proteins. The effect of the mutation in the interaction with the quinone was also tested by fluorescence quenching studies ( Fig. 4 (Table S2 ).
The observation that the mutation affected the oxidation of FAD more than its reduction strongly supports our hypothesis that E172 is part of the proton pathway which delivers protons for quinone reduction to quinol, i.e. supplies the other substrate, the H + . This hypothesis is also corroborated by the decrease in the affinity for the quinone, despite the E172 location close to the NADH binding pocket. 
E172 influences the proton pathway to the quinone binding pocket
In order to understand the influence of E172 on the proton pathway to the quinone binding pocket, we performed calculations of equilibrium protonation states for all 402 amino acid residues of the three variants (E172A, E172S and E172Q) as well as for the new WT crystal structure. The results showed that the most significant differences between the WT and the mutants occur in 3 residues: H51, E176 and K379 (Fig. 5 ). In the absence of NADH (oxidised FAD), the mutations in E172 presented a proton network interference which caused a decrease in the protonated fraction of H51 and E176, at pH7, resulting in neutral and negative charges, respectively. Comparing the protonation curves of WT and those of the mutated variants for the FADH2-NAD + state, in addition to the two residues mentioned before, K379 also suffers a decrease in the protonated fraction, which is most evident for the E172Q variant. We have previously proposed that protonation of the quinone upon reduction is performed by protons brought to the quinone binding pocket through two different pathways, one located at the first dinucleotide binding domain and the other present at the second dinucleotide binding domain ( Fig. 6 ) [14] . The latter proton pathway is constituted by E172 in addition to H51, E176, D179 and E183, already at the protein surface. K379 provides the connection between E172 and the quinone (Fig. 6 ) [14] . The calculations of the equilibrium protonation states suggest the proton conduction through this pathway, including K379, has been compromised since the overall protonation fraction of these residues has been decreased. This suggestion is further corroborated by the crystal structural data, which shows the change in the distance between the side chain of position 172 and that of K379 from ~2.9 Å to ~6.7 Å (through the water molecule), when the glutamate is replaced by the Serine (Fig. 2 panel B) . The crystal structures and the calculations herein presented show that E172 determines the proton pathway to the quinone binding pocket. 
Conclusion
We have hypothesized the involvement of a glutamate residue, E172, located close to the NADH binding site, in the catalytic mechanism of NDH-2s [14] . The importance of E172 was identified and supported by our thorough bioinformatics analyses in which we noted that E172 was conserved in 97 % of the analyzed sequences [14] . Furthermore, its mutation in yeast cells was observed to lead to growth defect [6] . We proposed that E172 plays a key role in proton transfer to the quinone pocket, functioning as an element of a proton pathway which connects the protein surface to the quinone pocket, via K379 [14] ( Fig. 6 ). In this work we addressed our hypothesis, by exploring mutations on E172 and its side chain stereochemical properties. The asparte variant (E172D) has the same properties of glutamate (same pKa) but contains a shorter side chain; the glutamine (E172Q), by keeping the length and hydrogen bonding ability, differs in the polarity of its side chain (different pKa -absence of the deprotonable group), likely influencing the interaction with other chemical groups in the NADH binding pocket; serine (E172S) differs both in length and in polarity (only maintaining the hydrogen bonding ability); and the Alanine mutant (E172A) was studied as a mutation that affected the three mentioned stereochemical properties.
We observed that all the mutations influenced the binding/orientation of NADH at the catalytic site as indicated by the decrease in NAD + affinity, spectral differences of the CTC, as well as by slower first half reaction rates when comparing with the WT. Importantly, we noticed that the effect of the mutations was much more evident on the second half reaction rate, meaning that the mutations have affected mainly the reduction of the quinone/oxidation of FAD. This observation is in agreement with our hypothesis that E172 composes a proton deliver pathway for quinone reduction. Our hypothesis is also corroborated by the calculations of the protonation states, which showed E176, H51 and K379 (also suggested to be involved in the proton pathway ( Fig. 6) ) presented a different behaviour in the case of the mutants when compared to the WT. The structural studies provided further indications that this proton pathway was compromised in the E172S variant. flavocytochrome c sulphide dehydrogenases (Fig. 7) . In other cases such as Adrenodixin reductases or flavin containing monooxygenases an aspartate residue is present instead. Not all these proteins interact with quinones, but all need protons as substrate for the respective reactions to take place at the first dinucleotide binding domain, as NDH-2s do. The investigation of such common element is likely to have a broad significance in understanding the molecular mechanism of these enzymes. We thus suggest that the presence of a glutamate at the NADH/NAD + binding pocket is essential for proton availability at the different catalytic sites. 
